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Abstract
We introduce a physical scalar sector in a SU(2)⊗U(1) electroweak theory in which the gauge group
is realized non linearly. By invoking theoretical as well as experimental constraints, we build a
phenomenologically viable model in which a minimum of four scalar resonances appear, and the
mass of the CP even scalar is controlled by a vacuum expectation value; however, the masses of all
other particles (both matter as well as vector boson fields) are unrelated to spontaneous symmetry
breaking and generated by the Stu¨ckelberg mechanism. We evaluate in this model the CP-even
scalar decay rate to two photons and use this amplitude to perform a preliminary comparison with
the recent LHC measurements. As a result, we find that the model exhibits a preference for a
negative Yukawa coupling between the top quark and the CP-even resonance.
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I. INTRODUCTION
The experimental programme for probing the Spontaneous Symmetry Breaking (SSB)
mechanism of the Standard Model (SM) of particle physics has recently witnessed a ma-
jor breakthrough with the simultaneous announcements by the ATLAS [1] and CMS [2]
collaborations of the observation of a new bosonic particle with a mass of about 125 GeV.
Though one cannot claim yet any significative discrepancy between the properties of this
new particle and the expectations for the SM Higgs field, there is a 2σ evidence for an
enhanced γγ channel (and slightly suppressed WW and ZZ channels), which, in a SM-
like scenario, can be accounted for by a modified (possibly negative) Yukawa coupling and a
moderate rescaling of the Higgs to vectors coupling [3–5]. To be sure, the LHC measurements
of these processes will significantly improve in the near future, thus leading either to a full
confirmation of the SM scenario or to the discovery of new physics beyond it. However,
given the present situation, it is particularly important to compare the experimental data
against all possible theoretically sound scenarios that can account for possible deviations of
the particle couplings from the SM results.
A relatively unexplored model in this context is an electroweak theory in which the
SU(2)⊗U(1) gauge group is realized non-linearly. In fact, the usual Higgs mechanism [6–
9] is based on a linear representation of the gauge group: Masses are generated by SSB
through the appearance of a non-zero vacuum expectation value (vev) of a physical scalar
field, triggered by the usual quartic (mexican hat) potential. On the other hand, in a model
in which the gauge group is realized non-linearly, masses are generated via the Stu¨ckelberg
mechanism [10], that is through the coupling with the flat connection of the gauge group.
As a consequence, the couplings of a scalar resonance would not be related to the masses of
the particles which it couples to, unlike those of the Higgs field(s) in the SM and extensions
thereof.
In this paper we discuss in detail how one can include scalar resonances in the nonlinearly
realized electroweak theory within the formalism based on the Local Functional Equation
(LFE) [11–19]. We will analyze what properties emerge for these particles in such a scenario.
We will refer to this model as the Non Linear Standard Model (NLSM).
Clearly, the nonlinearity of the gauge transformation implies that the model is not power-
counting renormalizable; however, the severe ultraviolet (UV) divergences of the Goldstone
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fields are maintained under control by means of the LFE, which encode in a mathematically
rigorous way the non-trivial deformation of the (non-linearly realized) gauge symmetry,
induced by radiative corrections.
In addition, perturbation theory can be still organized in the number of loops by exploiting
the so-called Weak Power-Counting (WPC) condition [12, 13, 15].
The WPC requires that only a finite number of ancestor amplitudes (i.e., amplitudes
without external Goldstone legs) exists at each order in the loop expansion and therefore it
is the strongest requirement one can ask for once (strict) power-counting renormalizability
is relaxed [19]. It is therefore a reasonable criterion for building a model in the presence of
a nonlinearly realized gauge theory, where power-counting renormalizability does not hold.
Moreover, in the formulation based on the LFE the divergences of amplitudes with at least
one Goldstone leg are uniquely fixed by the LFE itself.
A distinctive feature of nonlinearly realized gauge theories based on the WPC is the
appearance of two independent mass parameters [12, 19] for the W and Z bosons. This
holds true also for a grand-unified SU(5) nonlinearly realized gauge model, as recently shown
in [20].
It turns out that the WPC requirement provides strong constraints on the possible terms
in the tree-level action and on the matter content of the theory, when scalar resonances are
introduced.
The main results of the paper are the following
• Unlike in effective electroweak theories [22–24], no scalar singlet is allowed in the
NLSM, the minimal choice of physical scalar fields being an SU(2) doublet, corre-
sponding to four particles: two neutral (one CP-even, χ0, and one CP-odd, χ3) and
two charged physical χ± resonances.
• SSB, triggered by a suitable quartic potential, must occur for the SU(2) doublet along
the χ0-component, i.e., χ0 = v +X0; the reason is that otherwise one cannot accom-
modate for the suppression of the decay width of X0 → γγ with respect to (w.r.t.)
the decay modes X0 → V V , V = W, Z (which, without SSB, would be radiatively
generated as well).
• However, the vev of the scalar field has nothing to do with the masses of the other phys-
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ical particles in the model1, since the latter are induced via the Stu¨ckelberg mechanism.
This property makes the comparison with the linear theory particularly interesting,
since one can work in a SSB scenario where the couplings are not directly related to
the masses of the particles.
• From the phenomenological point of view, in the NLSM there are non-standard one-
loop contributions to the UV finite and gauge invariant partial width Γ(X0 → γγ)
coming from charged scalar resonances; however, we find that these cannot explain by
itself the non-standard best fits to LHC results, and that a negative Yukawa coupling
is also needed.
The paper is organized as follows. In Section II we introduce the non-linearly realized
electroweak theory and we sketch how scalar resonances can be introduced preserving WPC.
We also construct the mass term for all relevant spin 0, spin 1/2 and spin 1 particles as well
as the couplings.
A fully detailed discussion of the formal properties of the theory (including its BRST
quantization and the appropriate gauge condition respecting the LFE) will be given else-
where; here we rather focus on the results that this analysis would lead to.
Next in Section III we discuss the phenomenological signatures of the model, and in
particular show, through the analysis of the X0 amplitude to two photons, that a negative
value of the X0tt Yukawa coupling is preferred. The paper ends with some conclusions
(Section IV), and an Appendix showing, for the readers convenience, the so-called bleached
version for all the relevant physical fields of the theory.
II. BUILDING UP THE NON LINEAR STANDARD MODEL
In the nonlinearly realized electroweak theory of [11, 12] the usual SM gauge bosons and
fermions are supplemented with an SU(2) matrix Ω which contains the Goldstone fields φa,
reading
Ω =
1
f
(φ0 + igφaτa); φ0 =
√
f 2 − g2φ2a . (2.1)
1 It rather controls the strength of the tree-level generated partial widths X0 → V V , X0 → V V ∗ and
X0 → V ∗V ∗.
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The trace component φ0 is a solution of the nonlinear SU(2) constraint
φ20 + g
2φ2a = f
2, (2.2)
where f is a parameter with the dimension of a mass, that, being unphysical, must cancel
in any physical NLSM amplitude. Under SU(2)L ⊗ U(1)Y the matrix Ω transforms as
Ω′ = UΩV †; U ∈ SU(2)L , V = exp
(
i
α
2
τ3
)
∈ UY(1), (2.3)
where τi (i = 1, 2, 3) are the usual Pauli matrices.
From the original gauge bosons and fermion fields, one can construct the so-called
bleached SU(2)L variables [12, 13], i.e., SU(2)L gauge-invariant combinations in one-to-one
correspondence with the original fields. For the reader’s convenience we collect the bleached
counterparts of the gauge boson and fermion fields in Appendix A. Notice that, due to
SU(2)L invariance, the hypercharge of the bleached variables equals their electric charge, in
agreement with the Gell-Mann-Nishijima formula.
The model is clearly not power-counting renormalizable; however for an appropriate
choice of the tree-level interaction vertices the WPC holds [12, 15], and only a finite number
of divergent 1-PI ancestor amplitudes exists at every order in the loop expansion. On
the other hand, already at the one-loop level there is an infinite number of divergent 1-
PI Goldstone amplitudes [12, 13, 15]; they are however uniquely constrained by the 1-PI
ancestor amplitudes through the LFE [18] which controls the deformation of the classical
non-linearly realized gauge symmetry induced by radiative corrections [17].
Also it should be stressed that the theory fulfills physical unitarity (i.e., cancellation of
intermediate unphysical states in the physical amplitudes), as a consequence of the validity
of the Slavnov-Taylor identity [16].
Since there are of course many possible nonlinear realizations of the electroweak theory
(for instance electroweak effective theories, based on a low-energy expansion [25]), we would
like to make some more comments on the WPC, which will be used as a model-building
principle in what follows.
The WPC condition can be given a clean mathematical interpretation as a criterion for
choosing uniquely the (decorated) Hopf algebra of the model [26, 27]. This is because the
graphs in the expansion based on the topological loop number are uniquely identified by the
WPC itself [15].
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Indeed, while the number of divergences increases order by order in the loop expansion,
the results in [11–19] guarantee however that the theory can be still made finite by a finite
number of counterterms, order by order in the loop expansion. This means that there exists
a suitable exponential map [28] on the given Hopf algebra of the theory allowing the removal
of all the divergences.
On the other hand, the addition of finite higher orders counterterms entails a change of
the Hopf algebra of the theory. Therefore, this condition singles out the nonlinearly realized
electroweak theory based on the WPC from other possible nonlinear realizations: while the
nonlinearly realized theory controlled by the WPC is a genuine loop expansion (based on a
given Hopf algebra of the model, defined by the WPC itself), effective field theories in the
low energy expansion are not, having a different Hopf algebra.
The Lagrangian LNL of the nonlinearly realized electroweak theory is highly constrained
by WPC [12]. The latter requires the self-couplings between gauge bosons as well as the
couplings between gauge bosons and fermions be the same as the SM ones [11, 12]. However,
the tree-level Weinberg relation does not hold in the nonlinear theory2, and an independent
mass parameter κ arises in the vector boson sector; this fact yields a different relation
between the mass of the Z and W [11], and namely
M2
Z
= (1 + κ)
M2
W
c2
W
. (2.4)
In the above equation cW is the cosine of the Weinberg angle θW ; the latter is defined
according to the usual relation
tan θW =
g′
g
, (2.5)
where g and g′ are respectively the SU(2)L and U(1)Y coupling constants. The existence of
the second mass parameter κ is a peculiar feature of the nonlinearly realized electroweak
theory [14]; notice that κ is related to the usual ρ parameter [21] through
1
ρ
= 1 + κ. (2.6)
2 In this respect it should be noticed that for a linearly realized electroweak group the Weinberg relation
still holds if one only imposes WPC (as opposed to strict power-counting renormalizability) [19].
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A. No SU(2) scalar singlet allowed
We can now extend the field content of the nonlinearly realized electroweak theory by
adding physical scalar fields.
The simplest possibility would be to consider an additional neutral, CP-even SU(2)-singlet
field h. This choice is commonly made in the nonlinear low-energy effective Lagrangian
parameterizing the electroweak symmetry breaking sector [22–24]
Leff = 1
2
∂µh∂
µh− V (h) + v
2
4
(
w+w− +
1
2
(1 + κ)w23
)[
1 + 2a
h
v
+ b
h2
v2
+ b3
h3
v3
+ . . .
]
− v√
2
[
u˜
i
L
yuiju
j
R
+ d˜
i
L
ydijd
j
R
](
1 + c
h
v
+ c2
h2
v2
+ . . .
)
+ h.c., (2.7)
where all the symbol appearing are described in Appendix A. Notice that, if the custodial
symmetry is imposed (i.e., , κ = 0), the gauge boson mass term in Eq. (2.7) reduces to
v2
4
[
w+w− +
1
2
(1 + κ)w23
]∣∣∣∣
κ=0
=
v2
4
Tr (DµΩ)
†DµΩ, (2.8)
which represents the familiar form used, e.g, in [4, 5]. In eq.(2.8) Dµ is the covariant
derivative w.r.t. the SU(2)L ⊗ U(1)Y gauge group:
DµΩ = ∂µΩ− igAµΩ− ig′Ωτ3
2
Bµ. (2.9)
However the interactions between the gauge bosons and the scalar h in the first line of
Eq. (2.7) are forbidden by WPC, since they give rise to vertices V ∼ h∂µφ∂µφ with one h
and two Goldstone legs. Already at the one-loop level, these vertices gives rise to divergent
1-PI amplitudes with an arbitrary number of external h-insertions (see Fig. 1), leading to a
maximal violation of WPC.
B. SU(2) scalar doublet
The next option is to consider an SU(2) doublet of physical scalars:
χ =
1√
2
(χ0 + iχaτa). (2.10)
In order to determine the χ-dependence of the classical action allowed by WPC, we first
consider the sector spanned by the kinetic terms and the scalar-gauge bosons interactions,
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FIG. 1: Ancestor amplitude with external h legs, generated by the interaction term w+w−h,
leading to the maximal violation of WPC due to the presence of the h-Goldstone interaction
vertex h∂µφ∂µφ
.
and list below all possible CP-even and neutral gauge-invariant operators of dimension ≤ 4
that can be obtained from the bleached variables of Eq. (A10). The kinetic terms are
∂µχ˜0∂
µχ˜0; ∂µχ˜3∂
µχ˜3; Dµχ˜+Dµχ˜−, (2.11)
where Dµ denotes the photon covariant derivative. The trilinear couplings involving a gauge
field are
iw3µχ˜
+Dµχ˜− + h.c.; iw3µχ˜0∂µχ˜3 + h.c.; iw+µ χ˜0Dµχ˜− + h.c.; iw+µ χ˜3Dµχ˜− + h.c.,
(2.12)
while those involving two vector bosons and a scalar are
χ˜0w
2
3; χ˜0w
+w−. (2.13)
Finally the quadrilinear couplings are given by
χ˜20w
2
3; χ˜
2
0w
+w−; χ˜23w
2
3; χ˜
2
3w
+w−; χ˜+χ˜−w23; χ˜
+χ˜−w+w−. (2.14)
Enforcing WPC requires to take a linear combination of these monomials such that all
the interaction vertices with two Goldstone fields, two derivatives and any number of other
(non-Goldstone) legs vanish. It turns out that there is just one combination of this kind
(with canonically normalized χa, χ0 fields), and namely
1
2
Tr (Dµχ)†(Dµχ) . (2.15)
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Notice in particular that the trilinear scalar-vector-vector couplings of Eq. (2.13) are not
allowed.
This fact has clearly some important phenomenological consequences. Specifically, the
decays χ0 → ZZ, χ0 → WW are radiative processes, and therefore one cannot account for
their experimentally measured enhancement w.r.t. the diphoton decay channel χ0 → γγ.
Thus one is forced to introduce SSB in the scalar resonance sector.
This is achieved by adding the (usual) gauge-invariant quartic potential
V (χ) = − λ
16
[
Tr (χ˜†χ˜)2
]2
+
µ2
2
Tr (χ˜†χ˜) = − λ
16
[
Tr (χ†χ)2
]2
+
µ2
2
Tr (χ†χ). (2.16)
After the χ0 component has acquired a vev , χ0 = v+X0, the linear term in V (χ) disappears
when the condition µ2 = λv2/4 is satisfied, while at the same time a mass term for X0 arises,
withMX0 =
√
2µ. However notice that in the model at hand, v is completely unrelated to the
masses of the other particles (fermions and gauge bosons), rather controlling the (tree-level)
strength of the decay rates of X0 in two W ’s and two Z’s.
Let us end this section by noticing that the UV degree of the fields X0, χ3, χ
± is not
changed by the introduction of the potential (2.16); then, this allows us to add to the
Lagrangian two independent mass terms for χ3 and χ
± through their bleached counterparts
1
2
M23 χ˜
2
3 +M
2
±χ˜
+χ˜−, (2.17)
without altering the unit UV degree of the χ doublet fields.
C. Gauge bosons mass terms
As a consequence of SSB, induced by the potential in Eq. (2.16), the W and Z bosons
acquire masses as in the SM. However, in the NLSM two independent mass invariants can
be added. They implement the mass generation through the Stu¨ckelberg mechanism and
can be written concisely as follows [11]. We define
Ωαβ =
1
f
ΦCαΦβ; Φ =
(
iφ1 + φ2
φ0 − iφ3
)
; ΦC = iτ2Φ
∗ =
(
φ0 + iφ3
iφ1 − φ2
)
. (2.18)
Then the following independent gauge-invariant combinations can be added to the classical
action without violating the WPC:
1
2
A
f 2
(DµΦ)
†(DµΦ) +
1
4
B
f 2
(Φ†DµΦ)
†(Φ†DµΦ). (2.19)
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The first term gives mass to both theW and the Z while respecting the custodial symmetry,
the second one only to the Z. The coefficient B measures the strength of the violation of
the tree-level Weinberg relation and is thus expected to be small.
If one chooses
A =
4M2
W
g2
− v2; Bf 2 = 8M
2
Z
g2 + g′2
− 8M
2
W
g2
, (2.20)
the two independent parameters MW and MZ can be directly identified with the tree-level
masses of the W and the Z vector bosons (the SM limit corresponding clearly in this case to
the condition A → 0 and B → 0). We remark that, as LHC data accumulate, one expects
to be able to probe the validity of custodial symmetry within a suitably chosen benchmark
parameterization for the fit to the LHC experimental results [31, 32], thus obtaining direct
information on the B parameter introduced above.
The terms contributing to the masses of the gauge bosons are
Lm = 1
2
Tr (Dµχ)
†(Dµχ) +
1
2
A
f 2
(DµΦ)
†(DµΦ) +
1
4
B
f 2
(Φ†DµΦ)
†(Φ†DµΦ). (2.21)
It is convenient to rescale the Goldstone fields with φ± →
√
A
f
φ±, φ3 →
√
C
f
φ3, C = A +
B
2
f 2,
in order to get canonically normalized φ’s. Then the Goldstone bosons and the fields de-
scribing the physical resonances are obtained by means of an orthogonal transformation,
mixing the fields φ±, φ3 and χ±, χ3 as follows
φ±′ =
1√
1 + A
v2
(
χ± +
√
A
v
φ±
)
; χ±′ =
1√
1 + A
v2
(
−
√
A
v
χ± + φ±
)
;
φ′3 =
1√
1 + C
v2
(
χ3 +
√
C
v
φ3
)
; X ′3 =
1√
1 + C
v2
(
−
√
C
v
χ3 + φ3
)
. (2.22)
The χ′ are invariant under the linearized gauge transformations, as it should be for physical
scalars, while the φ′ are not, being the (unphysical) Goldstone bosons of the theory 3.
Notice that in the limit A → 0 and B → 0 the number of degrees of freedom changes:
the χ become the Goldstone fields, as is evident from Eq. (2.21), while all beyond-the-SM
resonances disappear from the Lm.
3 A detailed treatment of the BRST quantization of the model and of the appropriate choice of the gauge-
fixing condition in order to preserve the LFE will be presented elsewhere.
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D. Yukawa couplings and Flavour Changing Neutral Currents suppression
The most general parameterization of the interaction of the physical scalars χ with two
fermions is
LSff = χ˜0
(
u˜
i
L
yuiju
j
R
+ d˜
i
L
ydijd
j
R
)
+ χ˜3
(
iu˜
i
L
y
′u
ij u
j
R
+ id˜
i
L
y
′d
ijd
j
R
+ h.c.
)
+ u˜
i
L
yudij d
j
R
χ˜+ + h.c.,
(2.23)
with fermion masses generated by the bleached combinations presented in Eq. (A8) of Ap-
pendix A.
Within this general choice, a finite number of divergent 1-PI ancestor amplitudes arises
order by order in the loop expansion for arbitrary matrices yu, yd, y
′u, y
′d (with an UV index
1/2 for both the fermions and the fields χ). This not very satisfactory, since in this case
flavour changing neutral currents (FCNCs), mediated by a neutral scalar boson, are not in
general suppressed.
A natural mechanism for forbidding FCNCs in the nonlinear theory is based on an ex-
tended symmetry for the composite operators appearing in Eq. (2.23). In order to formulate
it, let us introduce the external sources Y uij , Y
d
ij , Y
′u
ij , Y
′d
ij with couplings
χ˜0
(
u˜
i
L
Y uiju
j
R
+ d˜
i
L
Y dijd
j
R
)
+ χ˜3
(
iu˜
i
L
Y
′u
ij u
j
R
+ id˜
i
L
Y
′d
ij d
j
R
+ h.c.
)
+ u˜
i
L
Y udij d
j
R
χ˜+ + h.c. (2.24)
By imposing that all the interaction vertices involving the Goldstone fields φ’s, one source
Y and two fermion legs vanish, we single out the unique combination
LSff = (QL)iY uijujRΞC + (QL)iY dijdjRΞ + h.c., (2.25)
where we have introduced the left SU(2) doublet
(QL)
i =
(
ui
L
di
L
)
, (2.26)
and set
Ξ =
(
iχ1 + χ2
χ0 − iχ3
)
; ΞC = iτ2Ξ
∗ =
(
χ0 + iχ3
iχ1 − χ2
)
, (2.27)
from which one can write the SU(2) doublet of Eq. (2.10) in the compact form
χαβ = Ξ
C
αΞβ. (2.28)
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Notice that the emerging structure (2.25) implements the suppression of scalar boson medi-
ated FCNCs as in the SM, through the extension to the scalar sector of the celebrated GIM
mechanism [29].
The sources Y acquire UV degree 1, which is the maximum value they can get, since at
one-loop there are fermion loops with two external Y sources leading to Feynman amplitudes
with superficial degree of divergence 2.
Trilinear scalar-fermion-fermion couplings are next assumed to be generated by a shift
Y uij → Y uij + yuij, Y dij → Y dij + ydij. Then the interaction (2.25) can be diagonalized by a
biunitary transformation for the left-handed and right-handed components of fermion fields
fLi =
∑
k
Uf,Lik f
′
L
k ; f
R
i =
∑
k
Uf,Rik f
′
R
k , (2.29)
thus leading to the absence of tree-level scalar bosons mediated FCNCs.
In what follows we will assume that the coupling of the scalar resonances with the fermions
is proportional to the fermion mass, so that the generic coupling will be of the form Ymf;
however notice that the suppression of FCNCs is unrelated to this assumption.
Finally, the mass terms for the fermions are generated by using the bleaching counterparts
of the mass eigenstates f
′
L and f
′
R and exploiting linearity of the bleaching procedure∑
i
mif˜
′
R
i f˜
′
L
i + h.c. =
∑
i
mi
∑
p,q
Uf,Lip U
†f,R
iq f˜
L
p f˜
R
q + h.c. (2.30)
III. PHENOMENOLOGICAL IMPLICATIONS
A. X0 Decays into W and Z
The tree-level NLSM widths for these decays read
Γ(X0 →WW ) = g
2
64π
g2v2
4
M3
X0
M4
W
√
1− xW
(
1− xW + 3
4
x2
W
)
,
Γ(X0 → ZZ) = g
2
128π
g2v2
4c4
W
M3
X0
M4
Z
√
1− xZ
(
1− xZ + 3
4
x2
Z
)
, (3.1)
where xV = 4M
2
V
/M2
X0
with V = W, Z; the usual SM result can be recovered setting
MW =
1
2
gv and using the Weinberg relation MW =MZcW .
Since X0 is to be identified with the ATLAS/CMS resonance, and therefore its mass
is set to be equal to roughly 125 GeV, this decay is not energetically allowed, and
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processes in which one or both gauge bosons are off-shell, i.e., X0 → V V ∗ → V f¯f and
X0 → V ∗V ∗ → f¯ f f¯f , have to be considered.
However, in the NLSM there are four-fermion processes competing with these ones and
involving diagrams with off-shell scalar resonances, e.g. X0 → X+′∗X−′∗ → 4f , X0 →
X
′∗
3 X
′∗
3 → 4f , X0 → X
′∗
3 Z
∗ → 4f and so on. These diagrams have no SM counterpart
even at leading order; as a consequence, to obtain an estimate of the full X0-width and
of the different branching ratios, a dedicated computation is needed in order to take into
account the different NLSM background w.r.t. the SM case. This lies beyond the scope of
the present paper, and will be left for a later study.
Our present inability of evaluating these decays, leaves us with the problem of fixing the
SSB vev parameter v; however, a suitable estimate of this quantity, valid at the approxima-
tion level appropriate for the ensuing analysis, can be obtained by using the experimental
value of the Z mass and by assuming the SM tree-level relation
MZ =
ev
2sWcW
. (3.2)
Then by replacing e =
√
4πα(0), α(0) ∼ 1/137 and s2
W
∼ 0.23, we get the value
v = 254 GeV. (3.3)
Evidently, a similar analysis could be carried out for MW ; however we choose to work on
MZ since the diphoton decay channel we are going to analyze next has no dependence on the
Z-mass, the experimental value of which can therefore be used to get the needed estimate
for v.
A comment is in order here. One might try to get additional information on the param-
eters of the nonlinearly realized electroweak theory by exploiting the electroweak precisions
data at LEP [30]. However, in the LEP experimental fit, the Z-γ interference term is evalu-
ated by assuming that at tree-level the ρ-parameter is equal to one [30]. This in turn would
introduce a bias in the theoretical fit against the nonlinearly realized electroweak model, by
setting to one the parameter controlling the distinctive signature of the nonlinearly realized
model, where two mass parameters for the gauge bosons are allowed, unlike in the SM case.
Therefore it seems more appropriate to use the LHC data to assess the effect of the second
mass parameter (as e.g. in the parameterization proposed in [31] or [32]), and then, as a
second step, to include also the LEP data in a more refined analysis.
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γ
γ
γ
γ
X0
γ
γ
X0
k1, µ
FIG. 2: The genuine NLSM diagrams contributing to the X0 → γγ process. The remaining
diagrams are equivalent to the usual SM graphs and therefore are not shown.
B. X0 Decays into Photons
A much cleaner channel for carrying out a first test of the NLSM is the diphoton channel,
X0 → γγ, for which we show in Fig. 2 the purely NLSM one-loop diagrams contributing to
this process.
After separating the NLSM new scalar contributions (ANL) from the fermionic (where
we keep only the top contribution) and the vector-Goldstone-ghost ones (Af and Agauge
respectively), we get the following results
ANL = −4e
2
π2
1
M2X0M
2
W
s2Wv
1
e2v2 − 4M2
W
s2W
[
M2X0
(
M2
W
s2W −
e2
4
v2
)2
− e2M2
W
M2X±s
2
Wv
2
]
× (k1 · k2 gµν − kν1kµ2 )ǫ∗µ(k1)ǫ∗ν(k2)
[
1 + 2M2X±C0(0, 0,M
2
X0
,M2X± ,M
2
X±,M
2
X±)
]
,
Af = e
3
π2
m2tY
M2X0MWsW
(k1 · k2 gµν − kν1kµ2 )ǫ∗µ(k1)ǫ∗ν(k2)
× [−2 + (M2X0 − 4m2t )C0(0, 0,M2X0, m2t , m2t , m2t )] ,
Agauge = − e
4
16π2
v
M2X0M
2
W
s2W
(k1 · k2 gµν − kν1kµ2 )ǫ∗µ(k1)ǫ∗ν(k2)
× [−M2X0 − 6M2W + 6(M2X0 − 2M2W )M2WC0(0, 0,M2X0,M2W ,M2W ,M2W )] . (3.4)
In the formulas above k1,2 are the momenta of the photons (with 2k1 · k2 = M2X0) and ǫ rep-
resents the photon polarization vector; notice that the appearance of the common tensorial
structure k1 · k2 gµν − kν1kµ2 is dictated by gauge-invariance. Finally, for the particular kine-
matic configuration of this decay the Passarino-Veltman three-point function C0 is known
to be (see, e.g, [34])
C0(0, 0, m
2,M2,M2,M2) = − 2
m2
f
(
4M2
m2
)
(3.5)
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where
f(β) =
 arcsin
2(β−
1
2 ) for β ≥ 1
−1
4
[
ln 1+
√
1−β
1−√1−β − iπ
]2
for β < 1
(3.6)
It can be easily checked that setting MW =
1
2
gv, MX0 =Mh (the Higgs mass) and Y = 1
the two amplitudes Af and Agauge reduce to their SM counterparts. Also notice that ANL
diverges for MW =
1
2
gv, which is equivalent to A → 0. This corresponds to the singularity
associated to the change in the number of degrees of freedom, since for A → 0 the χ’s
become the Goldstone fields and therefore one must not add the amplitude ANL, since the
Goldstone loop is already included in Agauge [see Eq. (2.21)].
Next, in order to compare with the SM case let us construct the ratio
R =
ANLSM
ASM−like(a, c)
, (3.7)
where ANLSM = ANL+Af+Agauge, while ASM−like(a, c) is a linear combination of the SM vector-
Goldstone-ghost and fermionic contributions weighted, respectively, by two coefficients a
and c which represent common rescaling factors with respect to the SM prediction for the
Higgs couplings to vector bosons and fermions. The latter coefficients have been determined
through fits to the LHC data [3].
A comment is in order here. To carry out the fit to LHC data in a fully satisfactory way,
one should make the comparison at the level of widths and cross sections. This is because,
in addition to the dependence on the model parameters entering into the ratio R, one should
also consider an extra dependence arising from the gg → X0 cross section. An estimate of
such a dependence is left for a future study; the ensuing preliminary discussion only aims at
estimating the impact arising from the additional NLSM terms in the X0 → γγ amplitude.
According to Ref. [3], one finds two possible scenarios that allow for an enhancement of
the diphoton decay channel. The first scenario has the scalar coupling to fermions reduced
with respect to the SM predictions and a somewhat enhanced Higgs boson couplings to
vectors; the second scenario has the scalar coupling to fermions with opposite sign with
respect to the SM prediction, as well as smaller couplings to the gauge bosons. The central
values for these scenarios are roughly (1.1, 0.75) in the first case and (0.8,−0.75) in the
second case; clearly (1, 1) corresponds to the conventional SM case.
The strategy we adopt is then the following. By fixing the parameters (a, c) to any of
the values quoted for the three scenarios, one automatically fixes the normalization factor
15
α(MX0) e s
2
W
v MX0 MW mt
1/128
√
4piα(MX0) 0.23 254 GeV 125.6 GeV 80.385 GeV 173.5 GeV
TABLE I: Input parameters for the calculation of the ratio R of Eq. (3.7). The choice
α(MX0) ∼ 1/128 was taken from [35].
ASM−like(a, c). At this point we impose the condition R = 1 and solve it in order to determine
the corresponding value of the NLSM Yukawa coupling Y .
The results of this procedure, taking as input parameters the ones summarized in Table I,
are shown in Fig. 3, where one can see that in any case the NLSM has the very distinctive
signature of always requiring a negative Yukawa coupling between the top and the X0 scalar
to accommodate for the measured branching ratio in the diphoton channel.
IV. CONCLUSIONS
The experimental verification of the Higgs mechanism is a two-step process. The first
of these steps has been spectacularly completed by ATLAS and CMS with the discovery of
a bosonic resonance at about 125 GeV. The second step (and probably the most difficult
one) crucially relies on the measurement of the new particle couplings and their comparison
-2.5
-2
-1.5
-1
-0.5
 0  200  400  600  800  1000
a=1, c=1
a=1.1, c=0.8
a=0.8, c=-0.75
M
X
± [GeV]
Y
FIG. 3: The NLSM Yukawa coupling needed for reproducing the scalar diphoton channel. The
predicted Yukawa value is always negative.
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with the (very constrained) SM predictions for the Higgs boson. We are therefore on the
verge of a very delicate turning point, in which the experimental data should be checked not
only against the SM (and, implicitly, all its underlying assumptions) but also against all the
available theoretical scenarios that predict deviation from it.
In this paper we have proposed a plain vanilla realization of one of these latter models, in
the form of an electroweak SU(2)⊗U(1) theory (dubbed NLSM) in which the gauge group
is realized non-linearly, and the intermediate gauge bosons acquire their mass through the
Stu¨ckelberg mechanism. Though non-renormalizable, the model is unitary and in addition
the two simultaneous requirements of (i ) satisfying the WPC (which singles out uniquely the
field theory Hopf algebra) while (ii ) being able to reproduce well-established experimental
results (e.g, the absence of FCNCs) strongly constraint the form of the NLSM Lagrangian.
In this paper we have analyzed some peculiar features of the NLSM:
• When one tries to include scalar resonances, the minimum number of particles one can
introduce in the NLSM is four corresponding to two neutral (one CP even and one
CP odd) and two charged scalars: no scalar singlet is allowed. This fact alone singles
out the NLSM w.r.t. two of the most popular SM extensions, namely the two Higgs-
doublet model and the Minimal Supersymmetric Standard Model, both requiring, in
their minimal realization, five scalars;
• To account for the (experimentally verified) suppression of the decay channel to VV
w.r.t the γγ, demands the inclusion of a SSB mechanism on top of the Stu¨ckelberg
mechanism. However, contrary to the conventional case, in the NLSM the vev v gives
mass only to the CP-even resonance X0 while all masses of the remaining particles and
their respective couplings are unaffected, a fact which can account for physics beyond
the SM.
Thus the NLSM constructed here represents, to the best of our knowledge, the first
example of a model in which a SSB mechanism exists that has nothing to do with the
generation of fermions and gauge bosons masses.
As a warming-up exercise towards a phenomenological analysis, we have also performed a
preliminary study of the X0 → γγ decay channel and found that, in order to accommodate
the ATLAS/CMS data, the NLSM CP-even scalar X0 has always to couple to the top quark
17
through a negative Yukawa coupling. And this is true even in the case in which the measured
values would not ultimately deviate from the SM expected results.
While it is definitely too early to envisage in the LHC measurements any clear hint of
deviations from the SM predictions for the candidate SM Higgs, one might reasonably expect
that in all scenarios the comparison with the NLSM could be a very useful benchmark to
pinpoint the Higgs mechanism as the actual mass generation mechanism chosen by Nature.
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Appendix A: Bleached Variables
One can form local SU(2)-invariant variables (bleached fields) as explained in [12]. The
change of variables from the original to the bleached fields is invertible. Since the bleached
variables are SU(2)-invariant, their hypercharge and electric charge coincide.
The SU(2) gauge fields Aµ = Aaµ
τa
2
and the U(1)Y gauge field Bµ are combined into the
bleached combination
wµ = waµ
τa
2
= Ω†gAµΩ+ g
′ τ3
2
Bµ + iΩ
†∂µΩ. (A1)
One can easily verify that the above combination is invariant under the SU(2)L-gauge trans-
formations
Ω′ = ULΩ, (A2)
A′µ = ULAµU
†
L
+
i
g
UL∂µU
†
L
. (A3)
w3µ represents the bleached counterpart of the Zµ field, i.e.,
Zµ =
1√
g2 + g′2
w3µ
∣∣∣∣∣
φa=0
= cWA3µ + sWBµ (A4)
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where sW and cW are, respectively, the sine and cosine of the Weinberg angle, with
sW =
g′√
g2 + g′2
; cW =
g√
g2 + g′2
, (A5)
and the photon Aµ is
4
Aµ = −sWA3µ + cWBµ. (A6)
The bleached counterparts of the W± fields are instead given by
w±µ =
1√
2
(w1µ ∓ iw2µ). (A7)
For a generic SU(2) fermion doublet L =
(
u
d
)
, bleaching yields
L˜ = Ω†L. (A8)
Finally, the bleached counterpart of the SU(2) scalar doublet χ = χ0 + iχaτa is given by
χ˜ = Ω†χ =
1
f
(χ˜0 + iχ˜aτa) , (A9)
with
χ˜0 =
1
f
(φ0χ0 + φaχa) ,
χ˜a =
1
f
(φ0χa − χ0φa + ǫabcφbχc) . (A10)
This results in two neutral scalar fields, one CP-even (χ˜0) and one CP-odd (χ˜3), and two
charged scalars χ˜±, with
χ˜± =
1√
2
(
χ˜1 ∓ iχ˜2) . (A11)
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